Background: Loss of NF1 gene function predisposes individuals to develop NF1-associated tumors, for which there are no known biomarkers/therapeutic targets. Results: TCTP was up-regulated in NF1-associated tumors and enhanced their growth via its positive feedback to the mTOR signaling, which was inhibited by artesunate/rapamycin. Conclusion: TCTP is a novel target functionally implicated in NF1 tumorigenesis. Significance: TCTP could serve as a biomarker/therapeutic target for NF1-associated tumors.
Neurofibromatosis type 1 (NF1) 2 is an autosomal, dominantly inherited disorder with an estimated prevalence of 1 in 3,500 people (1) . Its hallmarks include development of benign tumors of the peripheral nervous system and an increased risk of malignant transformation. The highly variable NF1 phenotypes affect several organ systems, including the bones, skin, irises, and central and peripheral nervous systems, manifesting in the latter as neurofibromas, gliomas, and learning disabilities.
NF1 is located on chromosome 17q11.2 and encodes a protein of 2,818 amino acids, neurofibromin (2) . Because the majority of NF1 mutations found in NF1 patients prevent expression of the intact protein, functional disruption of neurofibromin is potentially relevant in most NF1-related abnormalities (3) . Despite the high frequency of NF1 mutations, no specific molecular mechanisms, biomarkers, or therapeutic targets directly related to NF1 pathogenesis have been identified. The treatment of phenotypes such as NF1-associated tumors thus presents considerable difficulty.
Previously, we used nerve growth factor (NGF)-stimulated PC12 cells as a model for neuronal cells and demonstrated a novel role for neurofibromin in neuronal differentiation as a regulator of Ras activity via its GTPase-activating protein (GAP)-related domain (NF1-GRD) (4) . We also showed that the functional association of neurofibromin and CRMP-2 (collapsing response mediator protein-2) is essential for neuronal cell differentiation (5) . In these studies, neurofibromin expres-sion was suppressed using siRNA directed against NF1, and inhibition of neurofibromin caused neurite retraction via the regulation of Ras-MAPK-CDK5 (cyclin-dependent kinase 5)-GSK3 (glycogen synthase kinase 3)/ROCK (Rho kinase) activation in differentiated PC12 cells stimulated with NGF (5) . These results indicated that the neurofibromin-deficient PC12 cell is a useful model for detailed molecular analysis of NF1related pathology.
In our previous studies, using an integrated proteomics approach in neurofibromin-deficient PC12 cells (6) , translationally controlled tumor protein (TCTP) was identified as an antiapoptotic factor uniquely regulated in response to NGF stimulation in PC12 cells (7) . TCTP has been found in many eukaryotes, reported as multifunctional, and implicated in diverse processes, including growth, apoptosis, survival, development, protein synthesis, and transcription regulation (8) . Interestingly, Tuynder et al. (9) and Telerman et al. (10) reported that TCTP has a functional role in tumor reversion, defined as the process by which cancer cells lose their malignant phenotype. The authors found that TCTP mRNA was down-regulated in human leukemia and breast cancer cell lines infected with H1 parvovirus as a model of tumor reversion. Although the inhibition of colony formation and tumor cell growth was observed, the molecular mechanism of TCTP function in this system has not been clearly delineated (10) . Because our previous findings clearly identified TCTP as an NF1-related factor, we hypothesized that TCTP may also functionally relate to NF1-associated tumor formation.
Here, we demonstrate that TCTP may have a functional role in tumor reversion and may be a pathological biomarker of NF1-associated malignant tumors. Our findings also suggest that TCTP could be a novel therapeutic target for neurofibromas and malignant peripheral nerve sheath tumors (MPNSTs).
EXPERIMENTAL PROCEDURES
Cell Culture, Preparation of Cell Lysate, and Evaluation of Cell Viability-PC12 cells obtained from the American Type Culture Collection (ATCC) were cultured under 5% CO 2 at 37°C in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% horse serum and 5% fetal bovine serum (FBS). Rat S16 Schwann cells from the ATCC were cultured under 5% CO 2 at 37°C in DMEM supplemented with 10% FBS, on poly-L-lysine-coated culture dishes (Iwaki). The human MPNST cell line sNF96.2 from the ATCC and mouse IMS32 Schwann cells isolated as previously reported (11) were cultured under 5% CO 2 at 37°C in DMEM supplemented with 10% FBS on tissue culture dishes (Falcon). Normal human Schwann cells (HSCs) were purchased from ScienCell Research Laboratories and cultured according to the vendor's recommendations. IMS32 cells and HSCs as well as S16 cells are not transformed but are immortalized cell lines that have previously been characterized and established as normal Schwann cells. The doubling time of S16 cells, IMS32 cells, and HSCs is ϳ40 h. For preparation of cell lysate, cells were solubilized with a lysis buffer containing 8 M urea, 2% CHAPS, 2 mM Na 3 VO 4 , 10 mM NaF, 1 M okadaic acid, and 1% (v/v) protease inhibitor mixture (Sigma) and passed through a 25-gauge syringe 15 times. Lysates were centrifuged at 13,000 ϫ g for 20 min at 4°C, and the protein con-centration of the supernatants was determined using the Bio-Rad protein assay. Cell viability was assayed using the Cell Counting Kit-8 (CCK-8; Dojindo) per the manufacturer's instructions.
Growth Factors, Inhibitors, and Artesunate Treatment-For NGF stimulation, PC12 cells were cultured on collagen-coated dishes (Iwaki) and stimulated with 50 ng/ml 2.5S NGF (Wako). For serum, platelet-derived growth factor (PDGF), or insulin stimulation, cells were cultured in serum-free DMEM for 16 h and stimulated with 1% (v/v) FBS, 20 ng/ml PDGF-BB (Wako), or 200 nM insulin (Sigma). U0126 (20 M), LY294002 (30 or 10 M), and rapamycin (100 nM) were purchased from Calbiochem/EMD Millipore and used for the inhibition of MEK, PI3K, and mTOR, respectively. For artesunate (Sigma) treatment, 3,000 each of sNF96.2, HSC, and IMS32 cells were cultured on a 96-well plate for 24 h and then treated with artesunate (1-100 g/ml). 1 M MG132 (Sigma) was used to inhibit proteasomal degradation.
Isolation of Neurofibroma-derived Primary Cells-Neurofibroma tissue was collected at the time of initial surgery at Kumamoto University Hospital. The samples were obtained after informed consent allowing use in this study, as approved by the Institutional Review Board of Kumamoto University and the Ministry of Health and Welfare of Japan. The skin covering the dermal neurofibroma was removed, and the tumor tissue was cut into small pieces and put into preincubation medium consisting of DMEM with 10% FBS and incubated under 5% CO 2 at 37°C. The growing cells were digested with trypsin and further cultured under the same conditions until use.
Immunohistochemistry of Tissue Sections-Human tissue samples obtained from surgical procedures at Saitama Medical School Hospital and Kumamoto University Hospital were routinely fixed in formalin and embedded in paraffin. Use of these archival tissues for research was approved by the Institutional Review Board/Ethics Committee. The slides were deparaffinized with xylene twice for 5 min and rehydrated in descending grades (100, 80, and 70%) of ethanol. Antigen retrieval was performed by incubating the slides in Target Retrieval Solution (pH 9; Nichirei) in a decloaking chamber. After cooling and washing in PBS, slides were first blocked with 5% normal goat serum and then incubated with primary antibody overnight at 4°C. Following washes in PBS, slides were incubated with secondary antibody (Nichirei) and visualized with DAB solution. Primary antibodies used were rabbit anti-TCTP (1:2,000; Abcam), rabbit anti-S100 (1:400; clone Z0311, Dako), and mouse anti-Ki-67 (1:100; clone M7240, Dako). Two independent investigators evaluated all slides. TCTP expression was scored according to staining intensity (0, faint; 1, weak; 2, moderate; 3, strong).
Vectors-To obtain TCTP cDNA, total RNA was extracted from normal HSCs using the Qiagen RNeasy minikit, and reverse transcription of first-strand cDNA was performed with SuperScript II reverse transcriptase (Invitrogen) using the total RNA as a template. The forward and reverse primers were 5Ј-AGATCTATGATTATCTACCGGGACCTC-3Ј and 5Ј-AAG-CTTACATTTTTCCATTTCTAAACCATCC-3Ј, respectively. RT-PCR was performed using an Applied Biosystems 9700 thermal cycler, as follows: 55°C for 30 min and 94°C for 2 min; 35 cycles of 94°C for 15 s, 55°C for 30 s, and 72°C for 1 min; and final extension at 72°C for 10 min. The PCR product was cloned into the pGEM-T easy vector and sequenced. The cDNA was cloned into the pIRES-EGFP vector (Clontech), and the constructed TCTP overexpression vector was used for the transfection of cultured cells. The mammalian expression plasmid for NF1-GRD (pcDNA3-FLAG-GRD) was prepared as described previously (4) .
Transfection of Cultured Cells with siRNA and Expression Vectors-Transfection of PC12, S16, IMS32, and neurofibroma-derived primary cells with siRNA was performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. Target sequences for NF1 and TCTP siRNA were designed as follows. 21-oligonucleotide siRNA duplexes were designed as recommended elsewhere (5, 7) and synthesized by Gene Link to target the NF1 sequences 5Ј-249 CAAGGA-GTGTCTGATCAACTT-3Ј (for NF1 siRNA 1 and for the Cy3-labeled NF1 siRNA) and 5Ј-611 GGTTACAGGAGTTGACTG-TTT-3Ј (for NF1 siRNA 2), and the TCTP sequences 5Ј-212 A-ACCATCATCACTTACAAGTT-3Ј (for TCTP siRNA 1) and 5Ј-357 AAGCACATCCTTGCTAATTTT-3Ј (for TCTP siRNA 2). The silencer negative control siRNA 1 (Ambion) was used as a control siRNA. Transfection of sNF96.2 cells with siRNA or expression vectors was performed using the Neon Transfection System (Invitrogen) according to the manufacturer's protocol.
RT-PCR-Total RNA was extracted using the Qiagen RNeasy minikit, and reverse transcription of first-strand cDNA was performed with SuperScript II reverse transcriptase using the total RNA as a template. The forward and reverse primers for TCTP were 5Ј-ATGATTATCTACCGGGACCTC-3Ј and 5Ј-TACATTTTTCCATTTCTAAACCATCC-3Ј, respectively. The forward and reverse primers for ␤-actin were 5Ј-GCGAG-AAGATGACCCAGATC-3Ј and 5Ј-CCAGTGGTACGGCCA-GAGG-3Ј, respectively. A PCR mixture containing 2ϫ reaction buffer, 2 M forward and reverse primers, 500 pg of total RNA, and water was amplified using an Applied Biosystems 9700 thermal cycler. The RT-PCR was performed with the following thermal cycling parameters: 55°C for 30 min and 94°C for 2 min; 35 cycles of 94°C for 15 s, 55°C for 30 s, and 72°C for 1 min; and final extension at 72°C for 10 min. PCR products were resolved on a 2% (v/v) agarose gel and visualized using ethidium bromide under UV light. The band intensities were measured using ProGenesis Work Station version 2005 (PerkinElmer Life Sciences).
Immunoblotting-Cell lysate samples containing 20 g of total protein were electrophoresed on SDS-polyacrylamide gels, transferred onto PVDF membranes by electroblotting, and subjected to immunoblotting with the indicated antibodies. Membranes were probed with different primary antibodies, followed by horseradish peroxidase-conjugated anti-mouse and anti-rabbit secondary antibodies (GE Healthcare). The images were visualized with ECL (GE Healthcare). The following primary antibodies were used: neurofibromin, tubulin, and p120GAP (Santa Cruz Biotechnology, Inc.); TCTP (Abcam); ␤-actin (Sigma); and phospho-ERK (Thr-202/Tyr-204), total ERK, phospho-AKT (Ser-473), total AKT, phospho-S6 (Ser-235/Ser-236), and total S6 (Cell Signaling). For quantitative analysis, the films were scanned using LabScan version 5.0 (GE Healthcare) under transparent mode at a resolution of 300 dots/inch. The band intensities were measured using Pro-Genesis Work Station version 2005.
Immunofluorescence Analysis-PC12 cells, sNF96.2 cells, and neurofibroma-derived primary cells were fixed with 4% paraformaldehyde in PBS for 15 min at room temperature and then permeabilized with 0.1% Triton X-100 in PBS on ice for 15 min. After washing with PBS, cells were incubated with primary antibodies diluted in PBS containing 5% bovine serum albumin, followed by anti-mouse or anti-rabbit Alexa Fluor 488-conjugated secondary antibodies (Molecular Probes/Invitrogen) for 60 min at room temperature. After cells were washed with PBS, analysis was performed with a 20 ϫ 1.6 Olympus IX71 fluorescence microscope using Olympus DPController and DPManager software. For the staining of cellular F-actin and nuclei, cells were incubated for 10 min at room temperature with rhodamine-phalloidin (Invitrogen) and with 20 g/ml Hoechst33342 (Invitrogen).
Measurement of Forward Scatter and the Sub-G 1 Population-Cells were harvested, washed with PBS, and fixed with 70% ethanol at Ϫ20°C overnight. The fixed cells were collected, and the forward scatter was measured using a FACSCalibur flow cytometer (BD Bioscience). For detection of the sub-G 1 population, the fixed cells were treated with PBS containing 5 g/ml propidium iodide and 5 g/ml RNase A, and propidium iodide staining was measured using a FACSCalibur. The cells exhibiting less than 2n diploid DNA content were designated sub-G 1 cells. The number of sub-G 1 cells was expressed as a percentage of the total number of cells present.
Time Lapse Video Analysis-Cells were cultured on a 6-well glass-bottom plate (Iwaki). The plate was maintained at 37°C under 5% CO 2 in a chamber set under the camera during observation. Images were obtained using a ϫ20 UPlan SApo objective (Olympus IX81). The camera, shutters, and filter wheel were controlled by MetaMorph imaging software (Molecular Devices), and the images were collected every 10 min with an exposure time of 50 ms.
Statistical Analysis-All values are expressed as the mean with the Ϯ S.D. or S.E., and significant differences between groups were assessed using Student's t test.
RESULTS

Identification of the Novel NF1-associated Protein TCTP in Neurofibromin-deficient PC12 Cells Stimulated with NGF
Using an Integrated Proteomic Analysis-As we reported previously (6), to identify novel proteins associated with NF1 pathology, neurofibromin-deficient PC12 cells were established as an NF1 pathological model using NF1 siRNA (5) and subjected to proteomic differential expression analyses. TCTP was specifically up-regulated, as shown by both isobaric tags for relative and absolute quantification (iTRAQ; Fig. 1, A and B) and a two-dimensional difference in gel electrophoresis analysis ( Fig.  1 , C and D). We had already identified TCTP as a novel NGFinducible protein related to neuronal differentiation and survival in PC12 cells (7) . However, because no studies have been published on its role in NF1 pathology, this potential relationship was tested using NF1 gene knockdown (NF1-KD) in PC12 cells. Neurofibromin depletion caused significant up-regula-tion of TCTP ( Fig. 2A ), which was further evaluated by Cy3conjugated NF1 siRNA treatment and immunocytochemistry. Cy3-positive cells ( Fig. 2B , red) showed specific inhibition of neurite outgrowth even after NGF stimulation. Furthermore, TCTP expression ( Fig. 2B , green) was higher in Cy3-positive cells than in Cy3-negative cells (Fig. 2B ). These results clearly show that TCTP expression is up-regulated in NF1-KD PC12 cells and is associated with a specific inhibition of neurite outgrowth. The TCTP knockdown with siRNA in NF1-KD cells rescued the NGF-induced neurite outgrowth formation (Fig. 2 , C and D). This led us to hypothesize that TCTP could be a reversion target for NF1 pathology.
TCTP Is Up-regulated in Response to Growth Factor Stimulation in Neurofibromin-deficient Schwann Cells-NF1-associated neurofibromas arise in Schwann cells after loss of NF1 function (12) . Neurofibromin was knocked down with siRNA in two Schwann cell lines, rat S16 cells and mouse IMS32 cells. The efficiency of NF1 knockdown was 92.8% for siRNA NF1 (Fig. 3C ). Cells in which NF1 was knocked down proliferated faster and appeared to have a wider morphology (Fig. 3, A and  B) , and TCTP expression and ERK phosphorylation were upregulated ( Fig. 3C ). Because TCTP expression has been shown to be up-regulated by growth factors, such as NGF in PC12 cells (7) , we tested whether it also responds to mitogenic factors in Schwann cells in a manner influenced by NF1 gene deficiency. TCTP expression was indeed markedly increased in a time-dependent manner in response to PDGF in NF1-KD S16 cells ( Fig.  3D ) and also in response to serum stimulation in NF1-KD IMS32 cells (data not shown). Next, the involvement of Ras-MAPK and PI3K-AKT signaling in the up-regulation of TCTP was examined because these pathways are regulated by the Ras-GAP function of neurofibromin. In NF1-KD S16 cells, in response to PDGF, ERK, and AKT, phosphorylation levels increased ( Fig. 3D ). TCTP was also up-regulated, but this was markedly suppressed when MAPK or PI3K-AKT signaling was inhibited using the MEK inhibitor U0126 or the PI3K inhibitor LY294002, respectively ( Fig. 3E ). Similar results were obtained by stimulating S16 cells with insulin ( Fig. 3F ) and IMS32 cells with PDGF (data not shown). Whereas PDGF stimulation activated both MAPK and PI3K-AKT signaling (Fig. 3 , D and E), insulin preferentially activated PI3K-AKT signaling (Fig. 3F ). Despite the differences in the level of the activation of Ras-MAPK and Ras-PI3K signaling, inhibitors of MEK or PI3K equally suppressed TCTP expression. Therefore, both ERK and AKT activation seem to contribute equally to TCTP up-regulation. Collectively, these data suggest that the up-regulation of TCTP was enhanced by the activation of MAPK and PI3K-AKT in response to NF1 deficiency. The cells were transfected with NF1 or control siRNA, cultured for 24 h, and then stimulated with NGF. Cell lysates were prepared at different time points, as indicated, and digested with trypsin. The tryptic peptides were labeled with 8-plex iTRAQ, and the iTRAQ method was applied. B, quantitative analysis of TCTP expression determined by iTRAQ. The ratios were calculated by the intensities of 8-plex iTRAQ ions obtained from spectra of TCTP-derived peptides. The intensities at 0 h (before NGF stimulation) in control cells were used as the standard (ratio ϭ 1). Error bars, S.E. C, a representative image of a two-dimensional polyacrylamide gel of pH range 4 -7 and a close-up view of TCTP protein spots (arrowheads). D, quantitative TCTP expression data from two-dimensional difference in gel electrophoresis analysis. The data show the average ratios calculated using the intensities of four TCTP protein spots. For all four spots, TCTP was significantly up-regulated by NF1 knockdown (6) . The mean of the intensities at 0 h (before NGF stimulation) in control cells was used as the standard (ratio ϭ 1). Error bars, S.E. The materials and methods were described in our previous report (6) .
Next, two types of primary cultured cells, fibroblast-like and spindle-like, were isolated from the neurofibroma tissue of an NF1 patient. Their levels of neurofibromin were equivalent but low compared with levels in fibroblasts from non-NF1 human tissue ( Fig. 4A ). However, the induction of ERK in response to serum starvation in the spindle-like cells was clearly higher than in the fibroblast-like cells ( Fig. 4B ), suggesting that the spindlelike cells, which are the core constituents of neurofibroma, have a distinct MAPK activation mechanism, as was shown in a previous study (13) . The TCTP expression of the spindle-like cells was also much higher than that of the fibroblast-like cells (Fig.  4, C and D) . These results show that TCTP expression is specifically up-regulated in neurofibroma spindle-like cells.
TCTP Expression Correlates with the Malignant Potential of NF1-associated Tumors-Immunohistochemistry was used to survey TCTP levels and patterns in various types of NF1-associated neurofibroma tissue, including dermal and plexiform neurofibroma and MPNST. Dermal and plexiform neurofibromas are benign tumors. However, dermal neurofibromas have no malignant potential, whereas 10% of plexiform neurofibromas have the potential for malignant transformation to MPNST, which is an aggressive sarcoma with a poor prognosis (12) . The expression of TCTP was markedly higher in plexiform than in dermal neurofibroma and strongest in NF1-associated MPNST (Fig. 5A ). TCTP expression was faint or weak in all dermal neurofibromas (n ϭ 8), weak or moderate in plexiform neurofibroma (n ϭ 4), and moderate or strong in NF1-associated MPNST (n ϭ 3) ( Fig. 5B) . Moreover, the levels of TCTP varied in sporadic MPNST (n ϭ 5) ( Fig. 5B) . Notably, TCTP expression correlated with the Ki-67 index in NF1-associated and sporadic MPNST cases (Fig. 5B) . These results reveal that up-regulation of TCTP is associated with the malignancy of NF1-associated neurofibromas and MPNST (both NF1-associated and sporadic) and suggest that TCTP may be a useful diagnostic marker for various types of neurofibroma.
mTOR Signaling Controls TCTP Expression in MPNST Cells-Because TCTP was strongly expressed in MPNST tissue, the mechanism of its induction in MPNST cells was examined. TCTP protein but not mRNA was down-regulated, and MAPK and AKT-mTOR signaling were suppressed in response to overexpression of NF1-GRD in NF1-deficient MPNST (sNF96.2) cells (Fig. 6, A and B) . These results suggest that the cellular Ras-GAP activity of NF1 down-regulates TCTP protein expression. The effect of MAPK and PI3K inhib- 's t test) . B, cells treated with Cy3-labeled NF1 siRNA were fixed and exposed to antibodies directed against the indicated proteins, followed by detection with Alexa Fluor 488-labeled secondary antibodies. The differential interference contrast (DIC), Cy3, DIC ϩ Cy3, DIC ϩ TCTP, TCTP ϩ Cy3, and merged images in the same field of PC12 cells are shown. C and D, knockdown of up-regulated TCTP recovered neurite formation in NF1-deficient PC12 cells stimulated with NGF. Cells were transfected with Cy3-labeled NF1 siRNA or Cy3-labeled control siRNA and one of two TCTP siRNAs for 24 h and then treated with NGF for 72 h. C, cell lysates were analyzed by immunoblot to assess the knockdown of TCTP expression. D, the merged DIC and Cy3 images show the phenotypes of PC12 cells treated with the indicated siRNAs. Yellow arrows, Cy3-positive cells; white arrows, neurites in NF1-deficient PC12 cells treated with TCTP siRNAs.
itors on TCTP expression was next examined. Treatment with the MEK inhibitor U0126 or the PI3K-AKT signaling inhibitor LY294002 markedly down-regulated TCTP protein but not mRNA expression ( Fig. 6, C and D) and inhibited the phospho-rylation of S6 downstream of mTORC1 (Fig. 6, A and C) . The effect of mTOR activity on the expression of TCTP was next evaluated. TCTP was down-regulated at the protein but not the mRNA level by treatment with the mTOR inhibitor rapamycin FIGURE 3 . TCTP is up-regulated in response to growth factor stimulation in NF1-deficient cultured Schwann cells. A-C, rat S16 Schwann cells were transfected with NF1 or control siRNA and then cultured for 48 h. A, images of cells transfected with control siRNA and NF1 siRNA 1. The arrow shows the representative phenotype of S16 cells treated with NF1 siRNA. B, the viability of cells transfected with NF1 siRNA 1 was evaluated. The average viability of cells transfected with control siRNA was used as the standard (100%). The data are expressed as the means and S.D. (error bars) of three independent experiments (n ϭ 3). *, p Ͻ 0.01 versus control siRNA treatment (Student's t test). C, cell lysates were analyzed by immunoblot to assess neurofibromin and TCTP expression levels and ERK phosphorylation status. Actin and p120GAP expression were assessed as loading controls for TCTP and neurofibromin expression, respectively. C, control siRNA; NF1, NF1 siRNA 1. D, rat S16 Schwann cells were transfected with NF1 or control siRNA and then cultured for 48 h. The cells were serum-starved for 16 h and stimulated with 20 ng/ml PDGF. Cell lysates were prepared at different time points, as indicated, and analyzed by immunoblot for TCTP expression and ERK and AKT phosphorylation status. The upper and lower arrows indicate the phosphorylated forms of p44 and p42 ERK, respectively. C, control siRNA; NF1, NF1 siRNA 1. E and F, rat S16 Schwann cells were transfected with NF1 or control siRNA and then cultured for 48 h. The cells were serum-starved for 16 ( Fig. 6, E and F) . TCTP was up-regulated by treatment with the proteasome inhibitor MG132 (Fig. 6G ), suggesting that the stability of cellular TCTP is regulated by the proteasomal machinery, suggesting that the stability of cellular TCTP is regulated by the proteasomal machinery. However, even when the proteasome was inhibited by treatment with MG132, TCTP was down-regulated by rapamycin ( Fig. 6G) , strongly suggesting that the TCTP protein level is controlled by mTOR-dependent translational regulation but not by mRNA or protein stability. These results suggest that mTOR promotes TCTP translation/ synthesis in NF1-deficient MPNST cells.
The Role of TCTP in NF1-associated Tumors-TCTP was discovered in Ehrlich ascites tumor cells (14, 15 ) and identified as a target for tumor reversion (9) . In NF1-KD PC12 cells, the inhibition of NGF-induced neurite outgrowth formation was rescued by TCTP knockdown (Fig. 2, C and D) , prompting us to hypothesize that TCTP could be a reversion target for NF1associated tumors. To test this hypothesis, TCTP function was studied in neurofibroma-derived cells and MPNST cells from NF1 patients using TCTP siRNA or a TCTP overexpression vector, and cellular phenotypic changes were noted. Knockdown of TCTP led to marked suppression of cell growth in sNF96.2 MPNST cells, whereas TCTP overexpression had the opposite effect (Fig. 7, A and B) . Because TCTP knockdown did not affect the growth of cultured Schwann cells from normal nerve tissue, such as S16 and IMS32 cells (data not shown), it appears to be specific for neurofibroma and MPNST cells. MPNST cells have wider dimensions than normal Schwann cells. However, after knockdown of TCTP, cells were observed to exhibit marked suppression of cellular dimension and alterations in the actin cytoskeleton ( Fig. 7C and supplemental Movies S1 and S2). sNF96.2 cells treated with TCTP siRNA were also smaller, as shown by measurement of the forward scatter (FSC) signal by flow cytometry (Fig. 7D ). Primary cultured spindle-like cells from neurofibroma tissue were also observed to exhibit marked suppression of cellular viability and dimension after TCTP knockdown (data not shown). Next, the function of TCTP was examined in MPNST cells. Because the mTOR pathway controls cell size in normal and tumor tissue (16) , is activated in neurofibroma (17) , and is activated by TCTP in Drosophila (18), the activation of mTOR by TCTP in NF1 tumor cells was examined. Down-or up-regulation of TCTP using siRNA or an overexpression vector led to a decrease or increase, respectively, in the phosphorylation of ribosomal protein S6, which lies downstream of mTOR (Fig. 7, E and F) . These results indicate that TCTP positively controls the viability, size, and mTOR activity of NF1 tumor cells. Taken together with the results in Fig. 5 , it is likely that a positive feedback loop between TCTP and mTOR contributes to NF1-associated tumor formation.
The Use of Artesunate for the Therapy of NF1-associated Tumors-The use of artesunate, a derivative of artemisinin, which forms adducts with TCTP (19) , was tested as a therapy for NF1-associated neurofibromas. Artesunate down-regulated TCTP protein in sNF96.2 (MPNST) cells, and this was rescued by treatment with the proteasome inhibitor MG132 (Fig. 8A) , indicating that cellular TCTP had been degraded by association with artesunate. Artesunate suppressed the viability of sNF96.2 cells more effectively than human primary Schwann cells and IMS32 cells ( Fig. 8B ) (IC 50 : sNF96.2 cells, 8.0 g/ml; human primary Schwann cells, 30.1 g/ml; IMS32 cells, 20.2 g/ml). Next, the relationship between TCTP expression levels and the anticancer activity of artesunate was assessed. The knockdown or overexpression of TCTP increased or decreased, respectively, the artesunate sensitivity of sNF96.2 cells (Fig. 8 , C and D) (decreases in viability in cells treated with 5 g/ml artesunate: control siRNA, 30.1%; TCTP siRNA, 52.1%; mock vector, 39.8%; and TCTP overexpression vector, 31.5%; decreases in viability in cells treated with 10 g/ml artesunate: control siRNA, 68.7%; TCTP siRNA, 90.4%; mock vector, 74.1%; and TCTP overexpression vector, 70.9%). Sub-G 1 analyses also showed that the knockdown of TCTP increased the cytotoxic- ity of artesunate on sNF96.2 cells (Fig. 8E ) (sub-G 1 population: control siRNA, 48.2%; TCTP siRNA, 62.7%, in cells treated with 10 g/ml artesunate). By contrast, knockdown of TCTP did not affect the sensitivity of IMS32 cells to artesunate (data not shown). These results suggest that artesunate is cytotoxic to MPNST cells, an effect that is attenuated or enhanced, respec-tively, by up-regulation or down-regulation of TCTP. Collectively, these results suggest that artesunate could be useful for the therapy of neurofibromas and that its anti-tumor activity could be enhanced by suppressing TCTP. Because rapamycin also down-regulates TCTP (Fig. 6E) , we hypothesized that the use of artesunate in combination with rapamycin would . At 12 h after inhibitor treatment, cell lysates were prepared and analyzed by immunoblot to assess TCTP expression. The representative images reflect three reproducible experiments. D, RT-PCR analysis reveals that TCTP mRNA was not down-regulated in sNF96.2 cells treated with U0126 or LY294002. E, sNF96.2 cells were cultured for 24 h and then treated with 100 nM rapamycin. Cell lysates were prepared at different time points, as indicated, and analyzed by immunoblot to assess TCTP expression. F, RT-PCR analysis reveals that TCTP mRNA was not down-regulated in sNF96.2 cells treated with 100 nM rapamycin. G, down-regulation of TCTP by suppression of mTOR signaling is not due to proteasomal degradation. sNF96.2 cells were cultured for 24 h and then treated with 100 nM rapamycin and 1 M MG132 for 8 h. Cell lysates were analyzed by immunoblot to assess TCTP expression.
enhance the cytotoxicity of artesunate on MPNST cells. Indeed, treatment with both artesunate and rapamycin had a greater effect on sNF96.2 cell viability than treatment with either agent alone ( Fig. 8F ) (mean cell viability: 1 g/ml artesunate, 76.46%; 10 g/ml artesunate, 26.84%; 0.1 nM rapamycin, 68.10%; 1 nM rapamycin, 38.99%; 1 g/ml artesunate ϩ 0.1 nM rapamycin, 54.94%; 10 g/ml artesunate ϩ 1 nM rapamycin, 13.92%). These results suggest that the down-regulation of TCTP using combined treatment with artesunate and rapamycin could be an effective strategy for the therapy of MPNSTs.
DISCUSSION
In this study, we identified a novel NF1-associated protein, TCTP, using integrated proteomics. We observed that TCTP was up-regulated in neurofibromin-deficient Schwann cells via deregulated Ras-MAPK and PI3K-AKT signaling in response to growth factors. The expression of TCTP corre-lated with the malignancy of NF1-associated tumors. In NF1deficient MPNST cells, TCTP expression was translationally controlled by mTOR signaling, whereas TCTP positively con- 's t test) . E, immunoblot analysis after treatment with TCTP siRNA for 24 h. Down-regulation of TCTP was confirmed, and phosphorylated ribosomal S6 protein was also found to be down-regulated. B and F, overexpression of TCTP enhanced the viability of the MPNST cell line (B). The viability of cells transfected with the TCTP overexpression vector was evaluated by CCK-8 assay. The average viability of cells transfected with the mock vector for 24 h was used as the standard (100%). F, immunoblot analysis after treatment with the TCTP overexpression vector for 48 h. Up-regulation of TCTP was confirmed, and phosphorylated ribosomal S6 protein was found to be up-regulated. . The decreases in viability in response to artesunate are indicated (control siRNA, 30.1%; TCTP siRNA, 52.1%; mock vector, 39.8%; and TCTP vector, 31.5% in cells treated with 5 g/ml artesunate; control siRNA, 68.7%; TCTP siRNA, 90.4%; mock vector, 74.1%; and TCTP vector, 70.9% in cells treated with 10 g/ml artesunate). E, measurement of the sub-G 1 population in TCTP-depleted MPNST cells treated with artesunate. sNF96.2 cells were transfected with TCTP siRNA and then treated with artesunate for 48 h. Sub-G 1 cells were quantified by flow cytometry. The data are expressed as the means and S.D. of two independent experiments (n ϭ 2). F, evaluation of the viability of MPNST cells treated with artesunate in combination with rapamycin. sNF96.2 cells were cultured for 24 h and then treated with artesunate (1 and 10 g/ml), rapamycin (0.1 and 1 nM), 1 g/ml artesunate plus 0.1 nM rapamycin, or 10 g/ml artesunate plus 1 nM rapamycin for 48 h. The data are expressed as the means and S.D. of four independent experiments (n ϭ 4). *, p Ͻ 0.01 versus control siRNA treatment (Student's t test).
trolled mTOR activity, suggesting that a positive feedback loop between TCTP and mTOR contributes to NF1-associated tumor formation. The inhibition of TCTP also suppressed the viability of MPNST and neurofibroma-derived cells. Our findings suggest the potential for TCTP as a diagnostic biomarker and therapeutic target for neurofibromas and MPNSTs.
TCTP was discovered in Ehrlich ascites tumor cells (14, 15) and was found to control the release of histamine (20) . Highly conserved across species, it regulates cytoskeletal proteins, such as tubulin (21, 22) , and inhibits apoptosis by interacting with the Bcl2 family (23) (24) (25) (26) . Although TCTP is known as a multifunctional protein, a great deal of research has focused on TCTP as a positive regulator of protein synthesis via interactions with eEF1A and eEF1B␤ (27) and/or as a GDP-GTP exchange factor for Rheb, which positively regulates the mTORC1 pathway (18) . We previously reported that TCTP is an NGF-inducible protein that regulates neurite outgrowth and apoptosis in differentiating PC12 cells (7) . Here, we report the up-regulation of TCTP in neurofibromin-deficient PC12 cells and Schwann cells and its regulation of cellular viability. Interestingly, our proteomic data also revealed that eEF1A and eEF1B␤ were up-regulated in neurofibromin-deficient PC12 cells after NGF stimulation (6) . Because major components of the translational machinery are frequently up-regulated in human tumors, including neurofibromatosis-associated tumors (17) , it is reasonable to assume that the up-regulation of both TCTP and eEF1A/B␤ contributes to the hyperactivation of protein synthesis in neurofibromas.
Growth factors induced significant up-regulation of TCTP, especially in NF1-deficient Schwann cells, via Ras-MAPK and PI3K/AKT signaling (Fig. 3) . TCTP expression was also specifically up-regulated in neurofibroma spindle-like cells (Fig. 4, C  and D) . These data indicate that NF1 depletion leads to TCTP up-regulation in Schwann cells via receptor tyrosine kinase-Ras signaling. Notably, aberrant activation of upstream molecules of Ras, such as ERBB2, c-Met, hepatocyte growth factor, EGF receptor, and PDGF receptor, were found in NF1-associated neurofibromas (12) . Neurofibroma spindle-like cells may utilize a specific mechanism for the activation of Ras-MAPK signaling, distinct from that of NF1 fibroblasts (Fig. 4B) . The specific activation of Ras signaling and the depletion of NF1 could contribute to the up-regulation of TCTP in neurofibroma spindle-like cells.
Importantly, immunohistochemical analyses of NF1-associated neurofibromas revealed that TCTP expression correlates with tumor malignancy (Fig. 5 ), which suggests that TCTP could be a prognostic marker for NF1-associated tumors. We also observed variable expression of TCTP in sporadic MPNST, which correlated with the Ki-67 index (Fig. 5) . These results indicate that TCTP expression levels correlate with tumor malignancy not only in NF1-associated neurofibromas but also in sporadic MPNST. In another study, somatic NF1 mutations were found in 41% of sporadic MPNSTs (28) . The varied TCTP expression levels in sporadic MPNSTs may therefore reflect the heterogeneity of NF1 mutations.
The weakness of TCTP staining in many dermal neurofibromas ( Fig. 5 ) suggests that the specific activation of receptor tyrosine kinase-Ras signaling in dermal neurofibroma may be lower than in plexiform neurofibroma and MPNSTs. Although TCTP may have a potential as a malignancy marker in neurofibroma, questions remain regarding the biological basis for the differing malignant potentials of neurofibroma subtypes and the nature of the growth factor-induced signaling events affecting TCTP.
Because our results clearly showed that TCTP expression correlated with the malignancy of neurofibromas and MPNSTs, we addressed the mechanism through which TCTP was up-regulated in MPNST cells. TCTP protein but not mRNA expression was down-regulated by NF1-GRD and MAPK/PI3K inhibitors, which correlated with suppression of mTOR signaling (Fig. 6,  A-D) . These results suggested that mTOR regulates TCTP expression at the translational level. Previous studies have shown that some mRNAs translationally regulated by mTOR signaling, mostly those involved in protein synthesis, contain a 5Ј-terminal oligopyrimidine region (29) . TCTP mRNA also contains a putative 5Ј-terminal oligopyrimidine, as was shown in a global profiling study of ribosomes associated with mTORC1 (30, 31) . Indeed, TCTP was down-regulated at the protein level but not at the mRNA level in MPNST cells after they were treated with rapamycin ( Fig. 6, E and F) , suggesting that the mTOR signaling up-regulates TCTP protein translation but not mRNA transcription.
The role of TCTP as a biological target for the treatment of NF1-associated tumors was also investigated. TCTP was inhibited or activated using siRNA or an overexpression vector, which increased or decreased the viability, size, and mTOR activity of NF1-associated tumor cells ( Fig. 7) . It has been reported that TCTP has guanine nucleotide exchange factorlike activity and facilitates the exchange of GDP-Rheb (the inactive form) to GTP-Rheb (the active form), which up-regulates mTOR signaling in vitro (18) . It has also been reported that TCTP depletion leads to the down-regulation of mTOR/ S6K/S6 signaling in Drosophila (18) , in diabetic glomeruli and cultured podocytes (32) , and in mouse pancreatic beta cells (33) , consistent with our observations. These previous reports support our finding that TCTP positively regulates mTOR signaling in MPNST cells, although the precise mechanism remains under investigation.
Here, we demonstrate the specific mechanism of NF1-associated tumor activation caused by the TCTP-mTOR activation loop (i.e. mTOR up-regulates TCTP translation, and TCTP activates mTOR signaling). These observations suggest that the positive feedback loop between TCTP induction and mTOR activation is a characteristic of NF1-associated tumors and may promote tumorigenesis ( Fig. 9 ). These findings are consistent with a promising recent study on the therapy of NF1-associated neurofibromas using rapamycin (34) , an inhibitor of mTOR activation, which has been postulated as a downstream target of TCTP (18), although the mechanism has not been fully clarified.
As a novel strategy for the therapy of neurofibromas via TCTP targeting, we used artesunate, a semisynthetic derivative of the antimalarial drug artemisinin, a natural compound isolated from Artemisia annua TCTP was identified in malaria plasmodia as the most abundant protein bound to an artemisinin derivative (dihydroartemisinin) in plasmodia-infected erythrocytes (19) . Although neither the detailed mechanism of their interaction nor its effects on TCTP function have yet been clarified, it is thought that artemisinin derivatives bind to TCTP and alter its structural dynamics and function (19) . It has also been reported that the active chemical moiety of artemisinins has an endoperoxide bridge, which is cleaved in the presence of ferrous iron by a Fenton-type reaction (35) . This leads to the generation of reactive oxygen species, which may be regulated via TCTP binding in plasmodia (36) . These drugs also exert potent anticancer activity in glioma (37) and lung cancer (38), but they have not been used to treat neurofibromas or MPNST. We found that treatment with artesunate down-regulated TCTP expression ( Fig. 8A) and was more cytotoxic to MPNST cells than to Schwann cells derived from normal peripheral nerves (Fig. 8B) . Because down-regulating TCTP reduced the viability of MPNST cells (Fig. 7) , we expected that down-regulating TCTP by combinational treatment with rapamycin, an inhibitor of mTOR-dependent TCTP translation, and artesunate, which induces TCTP protein degradation, would have an increased effect on cell viability. Indeed, treatment with both artesunate and rapamycin induced sNF96.2 cell cytotoxicity more than treatment with artesunate or rapamycin alone (Fig.  8F) . The combinatorial effect of artesunate and rapamycin on the viability of MPSNT cells may result from two mechanisms of TCTP reduction: 1) rapamycin can reduce mTOR-dependent TCTP translation, and 2) artesunate can reduce TCTP protein levels via proteasomal degradation. Thus, both inhibitors functionally cooperate to reduce TCTP expression and enhance MPNST cell cytotoxicity via the mTOR-TCTP positive feedback loop ( Fig. 9 ).
Knockdown or overexpression of TCTP increased or decreased the artesunate sensitivity of sNF96.2 cells, respectively (Fig. 8, C and D) . However, the knockdown of TCTP did not influence the viability or artesunate sensitivity of normal Schwann cells (data not shown). These results demonstrate that neurofibroma and MPNST tumor cells have a significant TCTP dependence, which can be attributed to the up-regulation of the TCTP-mTOR activation loop via NF1 deficiency ( Fig. 9 ). This may explain why the reduction in cellular TCTP caused by combinational treatment using rapamycin, an inhibitor of mTOR-dependent TCTP translation, and artesunate, an effective agent of TCTP protein degradation, substantially suppresses the growth of NF1 tumor cells.
NF1-associated tumors are frequently observed in NF1 patients, and they are not amenable to surgical resection. Therefore, information concerning the molecular pathogenesis of NF1 and the identification of biomarkers or therapeutic targets for these tumors has been keenly anticipated. This study used integrated proteomics applied to models of NF1 pathology, including NF1-deficient neural cells, to shed light on the molecular mechanisms of NF1 pathogenesis. Our findings, which indicate the functional importance of the TCTP protein in the genesis and progression of NF1 tumors, suggest that agents targeting TCTP could represent an effective and novel therapeutic approach for NF1-associated tumors.
